Co-culturing embryos on helper cells can mimic the in-vivo
Introduction
Despite many refinements in embryo culture media, several problems still remain in the conventional culture systems of preimplantation embryos. Such embryos suffer developmental disadvantages, including a delay in development, a rapid loss of embryo viability (Harlow and Quinn, 1982; Sakkas et al, 1989) and stage-specific cell blocks when compared with their in-vivo counterparts (Bowman and McLaren, 1970; Rexroad, 1989) . To overcome these problems, a number of co-culture systems have been devised in which embryos can develop well for a longer period prior to replacement. Although both trophoblastic vesicles (Heyman et al, 1987; Aoyagi et al, 1989) and cell monolayers (Camous et al, 1984; Gandolfi and Moor, 1987) have been used successfully in embryo co-culture systems, the latter are used more frequently because they are stable and easy to handle. Furthermore, a number of studies have demonstrated the beneficial effects of a variety of cell monolayers, including uterine fibroblasts (Wiemer et al, 1989) , oviductal cells (Bongso et al., 1989a) and Vero cells (M6n6zo et al, 1990; Lai et al, 1994; Janssenswillen et al., 1995) , on mammalian oocyte maturation and embryo development. However, the mechanism of embryotrophic effects which operate in a co-culture system remains controversial. Bavister (1992) argued that co-culture may only abate the suboptimal culture condition, rather than directly enhancing embryo development. On the other hand, the disadvantage of the in-vitro culture system can be eliminated to some extent by adding growth factors (Zhang et al, 1991; Harvey and Kaye, 1992a,b; Lewis et al, 1992) or by co-culturing with helper cells (Bongso et al, 1991) . In addition, there is evidence that growth factors from the oviduct and uterus Brigstock et al, 1989) stimulate the cell proliferation and differentiation of preimplantation embryos. These observations suggest that helper cells may produce growth factors, although some authors (Paria and Day, 1990; Rao et al, 1990) reported that IGF-I and IGF-II had no influence on embryo growth.
It is evident that growth factors, including epidermal growth factor (EGF), transforming growth factor (TGF)-a or -p*l and insulin-like growth factor I or II (IGF-I or IGF-E) improve the development of the embryo (Smith et al, 1993) . IGF-I
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and IGF-II are small polypeptides which have both mitogenic and insulin-like metabolic effects. IGF stimulate cell proliferation and differentiation via autocrine or paracrine metabolism (Holly and Wass, 1989) . In the circulation, IGF-I and IGF-II are carried by specific insulin-like growth factor binding proteins (IGFBP; Shimaski et al, 1991) . The physiological role of IGFBP may be to prevent IGF from being rapidly metabolized and excreted, and to act as carrier proteins for IGF. IGFBP can either enhance or inhibit the actions of IGF (Elgin et al, 1987; Ritvos et al, 1988) . So far, little is known about the cooperative effects between IGF and IGFBP during early embryo development In this study, an analysis of the IGFBP concentrations in various co-culture systems has provided a unique model for investigating the cooperative interaction between embryos and helper cells by the actions of IGF and IGFBP. Embryo co-culture systems As described elsewhere (Lai et al, 1992) , viable Vero cells (1X10 5 / well) were plated into the wells of four-well plates (Nunc, Copenhagen, Denmark) 48 h before the introduction of oocytes. During the first 24 h, a mixed medium was used consisting of (1:1) 0.3% (w/v) HTF + BSA and Dulbecco's modified Eagle medium/Ham's F12 (DMEM/ F12; Gibco) + 5% fetal calf serum (v/v) (FCS; Sigma). After 24 h, the cell monolayers were washed twice with HTF + BSA, and maintained in this for the next 24 h. Prior to co-culture with embryos, media were replaced with fresh HTF supplemented with 0.3% BSA.
Materials and methods

Preparation of embryos
The cell lines of human oviductal cells and human endometrial cells were established as described by Bongso et al. (1988 Bongso et al. ( , 1989b . During the first 24-48 h, these cells were cultured in Chang's medium until the cells became confluent For the adaptation of these cells, cell monolayers were cultured in a mixed medium consisting of (1:1) HTF + BSA and Chang's medium. The subsequent procedures were identical to the preparation of Vero cell monolayers described above.
Embryos were randomly assigned to the control (medium alone) and various cell monolayer groups. Co-culture was carried out in four-well tissue culture plates at 37°C in a 5% CO2 humidified air incubator. The wells were each covered with equilibrated warm mineral oil and the stages of development were observed and recorded daily by inverted microscopy.
Immunohistochemical staining Immunohistochemical Gaining was performed to determine the types of IGFBP produced by the different cell monolayers. Briefly, cells (lX^/well) were plated into the wells of eight-well chamber slides (Nunc) and cultured until the cell monolayer became confluent The cell monolayer was rinsed with PBS for 10 min, placed in acetone 1282 for 10 min, rinsed with PBS for 5 min and then treated with 0.3% hydrogen peroxide in methanol for 30 min at room temperature. Thereafter, non-specific binding was blocked by incubation with normal rabbit serum. After rinsing off with PBS, normal rabbit serum was added, and the sample was then incubated overnight with primary rabbit polyclonal antibodies to human IGFBP-1, -2, -3, -4 and -5 (Upstate Biotechnology, Inc., Lake Placid, NY, USA). These rabbit antibodies to human IGFBP-1, -2, -3, -4 and -5 non-specifically bind to IGFBP produced by human oviductal cells, endometrial cells and green monkey kidney cells. Thereafter, the slides were incubated with the bridging anti-rabbit immunoglobulin G antibody (Vector Laboratories, Inc., Burlinghame, CA, USA). At 45 min after adding avidine-biotinylated enzyme complex (ABC), the slides were rinsed with PBS. Hydrogen peroxide and diaminobenzidine complex (peroxidase substrate; DAB kit; Vector Laboratories) were added. A positive stain was indicated by the appearance of brownish coloured cells under an optical microscope. A negative control was provided for every assay. Immunohistochemical staining was also performed on embryos that had been cultured alone or co-cultured with helper cells. The blastocysts were prepared for immunohistochemical slides using the method of blastomere fixation described previously (Munn6 et al, 1993) . Briefly, the blastocysts were treated in a hypotonic solution (1% sodium citrate in water) containing BSA (6 mg/ml; Sigma). After 10 min in hypotonic solution, each blastocyst was placed in a small volume on the slide. Some 10 ul of fixative (acetic acid: methanol, 1:3) were added on top of the blastocyst and observed under a stereoscope. The slide was dried by continuous blowing onto it to spread the fixative, and stained immunohistochemically as discussed above.
IGFBP-3 assay
Conditioned media were collected on day 7 from the different wells which contained embryos alone, cells alone or cells plus embryos. Concentrations of IGFBP-3 in these conditioned media collected on day 7 were assayed by a radioimmunoassay kit (Nichols Institute Diagnostics BV, Wijchen, The Netherlands). The detection limit of the assay was 1.1 u.g/1. The intra-and interassay assay coefficients of variation (CV) were 5.5 and 6.3% respectively.
IGF-I assay
Concentrations of IGF-I in conditioned media collected on day 7 from various mouse embryo culture systems were assayed by an immunoradiometric kit (Diagnostic Systems Laboratories Inc., Webster, TX, USA). Prior to assaying for IGF-I, samples were treated with acid-ethanol to dissociate IGF-I from IGFBP. The detection limit of the assay was 0.83 (ig/1. The intra-and interassay assay CV were 5.7 and 8.3% respectively.
Statistical analysis
The concentrations of IGFBP-3 in the co-culture and control groups were described by the median and the range. A Mann-Whitney test for unpaired data was applied for comparison between the two groups. Student's r-test was used for comparison of the rates of development of blastocyst and hatched blastocyst between the co-culture and control groups. A two-tailed P < 0.05 was declared to be statistically significant
Results
There were no significant differences in the rates of blastocyst formation between the co-culture groups and the control group after 3 days of culture. However, differences in the rate of development became significant when the embryos hatched. After 6 days of culture of 2-cell mouse embryos, the rates of complete hatching of blastocysts were higherin the co-culture groups than in the control group (Vero cell 73%, human endometrial cell 76%, human oviductal cell 74% versus control 43%) (P < 0.0001). Although the cell types were different, there were no significant differences in the rates of hatching of blastocysts on day 7 between the three co-culture groups. The results of immunohistochemical staining revealed that all the cells, namely Vero cells, human oviductal cells and endometrial cells, produced a lot of IGFBP-1, -2 and 3, but only a little IGFBP-4 and -5 (Figures 1 and 2 ). There were no marked differences in the intensity of immunohistochemical staining between the three different cell groups (Table I) . Immunolocalization also showed the presence of IGFBP in the embryonic cells when they were cultured alone (Figure 4) or with helper cells (Figure 3) .
The IGF-I concentrations in the media obtained from the wells which contained embryos alone, cells alone or cells plus embryos were less than the detectable limitation (0.83 (xg/1) of the assay. However, these results do not necessarily imply that the embryos or helper cells produce no IGF-I. The possible Values of IGFBP-3 are described as median and range. The Mann-Whitney test for unpaired data was applied for the comparison between the two groups. A two-tailed P < 0.05 was defined as significant Results from embryos cultured alone were below the detection limits of the assay.
dilution effect of the relatively large volume of cultured media must be considered. The results of the radioimmunoassay showed that the concentrations of IGFBP-3 in the media derived from various monolayers co-cultured with embryos were higher than those in media derived from cells alone (median values from Vero cell co-culture and from Vero cells alone, 219 and 120 |ig/l respectively, P = 0.011; median values from human oviductal cell co-culture and from oviductal cells alone, 165 and 127 jj.g/1 respectively, P = 0.04; median values from human endometrial cells with and without embryo co-culture, 277.5 versus 183.5 u.g/1, P = 0.0002) (Table H) . In contrast, the IGFBP-3 concentrations in the media obtained from wells which had contained embryos alone were undetectable (detection limit 1.1 |ig/l). Because the immunohistochemical stain demonstrated IGFBP-3 in those embryos that were cultured alone, the immunohistochemical stain appears to be more sensitive than the radioimmunoassay.
Discussion
Co-culturing mammalian embryos on helper cells mimics the in-vivo environment for embryo development, resulting in overcoming of the developmental lag (Rexroad, 1989) and the enhancement of human embryo development in vitro (Wiemer et al, 1989; Menezo et al, 1990; Bongso et al, 1991; Lai et al, 1994) . The improved embryo development in co-culture systems may result from either the removal of detrimental substances from the medium (Loutraid et al, 1987; Lai et al., 1992) or the release of embryotrophic factors into the medium by helper cells Liu et al, 1995b) . Embryotrophic factors have been isolated from the oviducts of sheep and man (Maguiness et al, 1992) , as well as from bovine oviductal cells (Mennillod et al, 1993) . However, their presence in co-culture systems is still subject to debate (Bavister, 1992; Leppens and Sakkas, 1995) . Increased rates of hatched blastocyst formation were observed when 2-cell mouse embryos were cultured with Vero cells (Lai et al, 1992) . The potential of embryos to hatch is thought to be related to the increased number of cells in the inner cell mass (Boatman, 1987; Piekos et al, 1995) . Thus, it is plausible to speculate that a greater number of cells facilitates the secretion of sufficient proteolytic enzymes to expedite the hatching process. Alternatively, hatching and development of the embryo may be related to growth factors and their binding proteins that are produced by the helper cells (Heyner et al, 1989; Shi et al, 1994) . Growth factors, including IGF, stimulate differentiation in mammalian embryo development at the preimplantation stage (Harvey and Kaye, 1992a,b; Xia et al, 1994) . Using the reverse transcription polymerase chain reaction (RT-PCR), preimplantation mouse embryos have been found to express mRNA encoding IGF-II and receptors for, both IGF-I and IGF-II (Heyner et al, 1989; Rappollee et al, 1990; Schultz et al, 1990) . In addition, receptors for IGF-I have been observed in the trophectoderm of porcine blastocysts (Corps et al., 1990) . Functional studies have also shown that IGF stimulate metabolism and cell proliferation (Rappollee et al, 1992) , especially in the inner cell mass of embryos at the blastocyst stage (Smith et al, 1993) .
It is evident that both IGF-I and IGF-II mRNA are expressed in oviducts, uteri and embryos (Girbau et al, 1992; Carlsson et al, 1993; Zhang et al, 1994) . In addition, the expression of genes encoding the receptors for IGF-I in embryos and oviducts has also been demonstrated using RT-PCR techniques (Rappollee et al, 1990; Carlsson et al, 1993) . These findings suggest that the reproductive tract cells produce IGF which are able to play a role in embryogenesis. In our study, however, IGF-I was undetected by an immunoradiometric assay in media derived from the culture of cell monolayers and mouse embryos either separately or in co-culture. In contrast, IGFBP-1, -2 and -3 were detected in the blastocysts by immunohistochemical staining, although IGFBP-3 was undetectable using a radioimmunoassay in media derived from embryos alone. These observations indicate that the amounts of IGF-I produced by helper cells and IGFBP produced by embryos may be relatively low and therefore undetectable by radioimmunoassays because of dilution effects and the relative sensitivities of the assays.
Reports have indicated that IGFBP are involved in the early development of embryos because they are produced by pig blastocysts (Corps et al, 1990) , human fibroblast (Clemmons et al, 1986 ) and endometrial cells (Liu et al., 1995a) and bovine endometrial cells (Geisert et al, 1991) . In addition, IGF alone cannot effectively stimulate embryo growth except in the presence of IGFBP produced by co-cultured endometrial cells (Liu et al, 1995a) . Blum et al (1989) have shown that IGF-I binding protein complex is a better mitogen than free IGF-L Elgin et al. (1987) have also reported that IGFBP-1 enhanced the biological response to IGF-I. These actions pertain to the RGD tripeptide (-Arg-Gly-Asp-), which is known to be the cell attachment site (Ruoslahti and Pierschbacher, 1987) . Alternatively, IGFBP may act directly as an embryotrophic factor because they have an effect on embryo development independent of IGF (Cerro et al, 1993) .
In the present study, IGFBP were observed immunohistochemically in all three kinds of cell monolayer (Figures 1 and  2 ). In addition, the types and amounts of IGFBP produced by these monolayer cells were the same (Table I) . Furthermore, the production of IGFBP (especially IGFBP-3) was stimulated by the presence of embryos (Table IT) . These observations imply that IGFBP produced by co-cultured monolayer cells in the presence of embryos may regulate the development of embryos in a positive-feedback control fashion.
These results suggest that Vero cells, human oviductal cells and endometrial cells produced IGFBP which in turn expedited the development of mouse embryos. Liu et al. (1995a) also demonstrated that the secretion of IGFBP by co-cultured endometrial cells was stimulated by embryonic signals and was hormonally dependent These findings suggest that the signalling pathway triggered by the IGF-receptor interaction may be regulated by IGFBP. We conclude, from the results of our study, that IGFBP produced by co-cultured monolayer cells are able to stimulate embryo development. This embryotrophic effect may occur either by the regulation of IGF action or by the direct enhancement of embryo development
